Electrospray ionization of peptides and proteins often produces intense adduct ions resulting from the attachment of a moeity with mass 98 u. The formation of these adduct ions results in a substantial reduction in the mass spectrometric sensitivity and an undesirable increa se in the complexity of the mass spectra. In the present study it was shown that the removal of the attached adducts from peptide and protein ions can be affected by collisional activation and that the adducts arise from the attachment of sulfuric acid or phosphoric acid to peptide and protein ions. When sulfate and phosphate ions are removed from the samples by chemical means, adduct free ions are obtained from proteins yielding spectra with improved quality and sensitivity. (J Am Soc Mass Spectrom 1990, 1, 382-388) E lectrospray ionization is a soft ionization technique in which intact, multiply charged gas phase ions of large , invol atile and thermally labile molecules are produced by electrospraying a dilute solution of the analyte of interest [IJ. Although the technique was introduced some twenty years ago [2, 3), it did not receive wide attention until recently. The renewal of interest in electrospray ionization resulted from important developments made by Fenn and co-workers [4-6] . These investigators successfully interfaced an atmospheric pressure electrospray ion source to a quadrupole analyzer and demonstrated the ability of the technique to analyze large , involatile molecules such as organic polymers [5J and proteins [6J. Because protein ions produced by electrospray are frequently highly charged, the observed mass-tocharge ratios (mlz) of the protein ions can be relatively small. Therefore, conventional quadrupole mass analyzers with limited mfz range can be used to determine the molecular masses of large proteins. Other workers [7, 8] have also used electrospray ionization, and the related technique called ion spray, to determine accurately the molecular masses of a large number of proteins.
Electrospray ionization of peptides and proteins often produces intense adduct ions resulting from the attachment of a moeity with mass 98 u. The formation of these adduct ions results in a substantial reduction in the mass spectrometric sensitivity and an undesirable increa se in the complexity of the mass spectra. In the present study it was shown that the removal of the attached adducts from peptide and protein ions can be affected by collisional activation and that the adducts arise from the attachment of sulfuric acid or phosphoric acid to peptide and protein ions. When sulfate and phosphate ions are removed from the samples by chemical means, adduct free ions are obtained from proteins yielding spectra with improved quality and sensitivity. (J Am Soc Mass Spectrom 1990, 1, [382] [383] [384] [385] [386] [387] [388] E lectrospray ionization is a soft ionization technique in which intact, multiply charged gas phase ions of large , invol atile and thermally labile molecules are produced by electrospraying a dilute solution of the analyte of interest [IJ. Although the technique was introduced some twenty years ago [2, 3) , it did not receive wide attention until recently. The renewal of interest in electrospray ionization resulted from important developments made by Fenn and co-workers [4] [5] [6] . These investigators successfully interfaced an atmospheric pressure electrospray ion source to a quadrupole analyzer and demonstrated the ability of the technique to analyze large , involatile molecules such as organic polymers [5J and proteins [6J. Because protein ions produced by electrospray are frequently highly charged, the observed mass-tocharge ratios (mlz) of the protein ions can be relatively small. Therefore, conventional quadrupole mass analyzers with limited mfz range can be used to determine the molecular masses of large proteins. Other workers [7, 8] have also used electrospray ionization, and the related technique called ion spray, to determine accurately the molecular masses of a large number of proteins.
Recently , we constructed an electrospray ionization source that we coupled directly to a commercial quadrupole analyzer and measured the molecular masses of a large number of peptides and proteins [9, 10] . In this instrument ions generated by electrospray-ing the analyte solution at atmospheric pressure enter the vacuum of the mass spectrometer through a 2O-cm long metal capillary tube. Desolvation of the ions is carried out by heat transfer to the charged droplets during their transport through the metal capillary tube, as well as by collisional activation in a region of reduced pressure after the ions exit from the capillary tube. By controlling the heat transfer and collisional activation, ions can be generated that are either solvated to a desired degree or completely desolvated. When desired, additional energy can be deposited in the ions to obtain fragmentation spectra [11, 12J. Desolvation in the present system is convenient and effective and does not require the use of the counter current flow of heated gas employed by other researchers [4] [5] [6] [7] [8] . The results obtained with the present system [9, 10} are comparable to those obtained with previous systems [4-8}. During the course of the analysis of a large number of peptides and proteins we noticed that the mass spectra often contained ion species corresponding to the attachment to the analyte ions, of a moiety of unknown origin and identity, with molecular mass 98 u [9] . For certain peptides and proteins intense ions resulting from the attachment of as many as five such moieties to the protonated molecule ions were observed. Loo et al. [13] and Henry et al. [14] also reported the observation of similar intense adduct ions in the mass spectra of several proteins. For example, the spectra of nbonuclease A and ribonuclease 5 reported by Loo et al. were almost completely dominated by the adduct ions. Covey et al. (7) also observed similar adduct ions (see, for example, Figure 6 of ref 7) . Formation of these adduct ion s reduces the intensities of the protonated molecule ions (and hence the mass spectrometric sensitivity) and complicates the mass spectra. We undertook the present investigation to gain an understanding of the nature and origin of the adducts and to de velop a method for their removal. were kindly provided by Dr. J. Taylor of the Rockefeller University . Dyn m2 is a synthetic peptide analogue of dynorphin A(l-l7) (sequence: YGGFLRRIRP-KLKWDNQ) in which alternate lysine and valine residues were incorporated in positions 7-15 and several other amino acid residues were replaced. The amino acid s eq u e n ce of dyn m2 is YG-GFLKKVKVKVKVKSS. The peptide dyn ml ha s the same sequence as dyn m2, except that valine-10 is replaced by a proline. High purity water and methanol were obtained from Burdick and Jackson, Muskegon, MI, and acetic acid (ultrex) from J.T. Baker Chemical Co., Phillipsburg, NJ. 
Experimental
The electrospray ionization mass spectrometer used in the present investigation is shown in Figure 1 . The ma ss spectrometer and the pro cedure adopted to acquire mass spectra were described previously [9] . Briefly, the sample solution is electrosprayed from a hypodermic needle, a, in ambient laborator y air at a rate of 0.5 to 0.75 JLL/min. The resulting charged droplets were transported into the vacuum of the mass spectrometer through a 20-cm long, O.5-min i.d. metal capillary tube, b, into a region of reduced pressure (1-10 torr). Because electrospray is carried out directly from solution at atmospheric pressure, the ions formed in this process are strongly solvated. Desolvation of analyte ions is carried out efficiently by two sequential processes. The first step involves controlled heat transfer to the charged droplets during their transport through the long capillary tube; b. The capillary tube is heated to approximately 85 "C. Ions that exit from the cap illary tube are observed to be solvated to various extents. The remaining solvent molecules bound to the analyte ions are then removed completely in the second step by collisional activation induced by applying an electric held in the region of reduced pressure between the exit of the capillary tube and the skimm er ( Figure 1 ). The pr ocedure for optimization of the electric field by varying the volt-
Results and Discussion
The procedure for removing solvent molecules bound to analyte ions of interest exiting from the capillary tube is demon strated in Figure 2 . Shown in Figure 2a is the electrospray ionization mass spectrum of the peptide RRKASGP. The peptide was dissolved in a solvent mixture of water, methanol, and acetic acid in the proportion 47. Table 2 ), and n = 0-2. Similarly, the ions observed between mfz 1700
and mfz 1800, [M + nX + 8H]8+, also arise from ribonuclease A (n = 0) or the attachment of 1-3 of the unknown moiety, X, to the ribonuclease A ion. The absence of solvent adducts demonstrates that the species X binds to the ribonuclease A ion more strongly than does water or methanol. The electrospray ionization spectrum of ribonuclease A, reported by Loo et al. [13] , is also dominated by these adduct ions. These investigators did not discuss the origin of these adduct species. [M + 3Hf+ ion has increased dramatically from -3,000 to -55,000 (arbitrary units). In general, the maximum intensity of peptide and protein ions are observed at a value of /iV, for which all solvent molecules (water, methanol, etc.) bound to the analyte ions are removed completely. Increasing /iV beyond this optimum value results in the fragmentation of the molecule ions [11, 12] and a decrease in molecule ion intensities. In addition to the observation of adduct ions resulting from the attachment of solvent molecules, which experim en tally observed molecular masse s corres po n di ng to each ion observed in th e clectrospray ionization spectra of ribonuclea se A * fragmentation of the ion [11, 12] . The data shown in Figure 3 demonstrate that although the species X binds quite strongly to protein ions in the gas phase, it can be removed completely by collisional activation, and appears to be bound noncoualently to the protein ion s . The att ach men t of X was als o observed in the electrospray ioniz ation spectra of many other proteins, including bovine ribonuclease S, chicken egg lysozyme, bovine trypsinogen, bo vine trypsin, and equine myoglobin. The extent of adduct formation wa s found to vary from protein to p rotein and could be removed by collisional activation.
In an attempt to elucidate the origin and nature of the molecule X, w e investigated the effect of the electrospray ionization spectra of adding variou s reagents into the peptide and protein spray solutions . Because th e molecular mass of both H 2 S0 4 and H 3 P0 4 is 98 u, we hypothesized that the adduct ions resulted from the attachment of sulfuric add or phosphoric acid molecules to the peptide or protein ions. To tes t th is hypothesis, small amounts of sulfuric acid and phosphoric acid were added to the solutions of ribonuclease A . Unfortunately, however, the ad d ition of these acids, even in submicromolar amounts, makes it difficult to obtain a stable electrospray. An alternative approach was adopted that involved the addition of trace amounts of sulfate or phosphate salts to the analyte solution, which already contained acetic acid (3-5 %). One suc h experiment is illustrated in Figure  4a (Figure 4a ). The mass of the species X is determined to be 98 u ( Table 2) . To the solution used to acquire the mass spectrum shown in Figure 4a , 40 pmol/ILL of ammonium sulfate w as added. The electrospray ionization spectrum of this solution is shown in Figure 4b . After the addition of ammonium sulf ate, the adduct ion intensity relative to the protonated molecule ion is seen to increase subs tantially . Th is experiment suggests that the in- 'Calculated average molecular mass [191. b The value is from a single measurement.
crease in the intensities of adduct ions is caused by the attachment of H 2 S0 4 to the protein ions. The experiment was repeated for several other Concentrations of added ammonium sulfate to the ribonuclease A solutions. The ratio of the intensity of the adduct ions relative to the protonated molecule ions is observed to increase linearly with the increase in concentration of the added ammonium sulfate up to 40 pmol /ul. , A further increase in salt concentration perturbs the stability of the electrospray and reduces the spectral quality . The above experiments were also repeated with several other peptides, including dynorphin A(I-17), dynorphin ml, human l3-endorphin, and bradykinin . A similar increase in the in tensity of adduct ions is observed in each case. However, the increase in the cases of bradykinin and human P-endorphin was relatively small. The intensity of the adduct ions also increased upon addition of disodium hydrogen phosphate to a solution of dynorphin A(I-17), although the increase was Lower than that observed for the addition of ammonium sulfate. Addition of ammonium sulfate (40 pmol/ u. L) increased the sum of the adduct ion intensities from 20% to 64% relative to the sum of the [M + 3HJ3+ and [M + 4H]4+ ions, whereas addition of the same am ount of disodium hydrogen phosphate only increased the adduct ion intensities from 20% to 33%. This observation indicates that the binding energy of sulfuric acid to protein and peptide ions in the gas phase is higher than that of phosphoric acid and /or that the sulfu ric acid adduct concentration in solution is higher.
To further test our hypothesis, we carried out experiments designed to chemically remove sulfate and phosphate impurities from the protein solution prior to electrospray ionization mass spectrometric analysis . A barium acetate solution was added to a 250 pmol /c], aque ous solution of ribonuclease A to give a final salt concentration of 10,000 pmol /ul., A precipitate was '15doo (0) observed and removed by centrifugation. The precipitat e was ins oluble in dilute HO solution, confir ming the precipitate to be BaS0 4 • The su p ern atan t, containing the prote in, was analyzed by electrospray ionization . The re sults shown in Figure 5 can be directly compared with the spectrum obtained under the same cond itions prior to the removal of the impurities (Figure 3a) . Intense adducts are no lon ger present in the mass spe ctru m (although weak residual adduction is still obse rved ), and the protein is more highl y protonated. Th e increase in the intensity of ions with higher cha rge states likely results from th e rem oval of sulfate impurities . After removal of the sulfate impuri ties the int ensities of the 1M + nHt + ion pe aks , w here n = 7-11 (Figu re 5), are con siderably highe r than those obtained prior to removal (Figure 3a) . confirm ed th at the precipitate was mostly PbS0 4 rather than a phosphate salt . By monitoring the removal of adducts from ribonuclease A as a function of the am ount of barium acetate added, th e sulfate impurity observ ed in the ribonuclease A sample was estimate d at -8% by weight. An indepe nde nt conftrmation of th e above fIndings was obtained by matrix assisted laser desorption [15, 16) mass spectro metric analysis of th e ribonucl ea se A sample before and after the treatment w ith barium acetate, pe rformed in the authors ' laboratory ( Figure   Figure 5 . E1ectros p ray ion izati on spectra of bovine p an creatic ribonuclease A after treatment wi th barium acet ate . All oth er co ndi tions are the sa me all th ose give n in the caption for Figu re 3a . Figure 6a is the molecule ion region of the laser de sorption spectra of ribonuclease A obtained with a sinapinic acid matrix [17] . The three partially resolved ion peaks observed are [M + H) +, 1M + X + H)+ , and 1M + P + H]+, originating respectively from ribonuclease A(M), the attachment of X (obs. mass = 95) to ribonuclease A ion, and the attachment to ribonuclease A ion of a photochemically generated species, P (mass = 206) from the matrix.
6). Shown in
The adduction of P is commonly observed in the matrix assist ed laser desorption spectra of proteins [17] . Th e accuracy of the mass of the add uct, X, is not as high as that obtained in the electrospray ioniz ation spectrum because the adduct ion is only partially resolved . The spectrum of the barium acet ate treated ribonuclease A sample is shown in Figure 6b . The [M + X + H) + ion has disappeared, confirming that sulfate ions from the ribonuclease A sample 'solut ion ha ve been precipitated out by 8a 2 + and, th ere fore , sulfuric acid ad ducts were not observed. The peptide and protein ions that showed a strong propensity for the attachment of sulfuric acid and phosphoric acid contain basic sites that are not protonated . For example, bovine ribonuclease A has nineteen basic sites but was observed to acquire a maximum of only nine protons (Figure 3) . Although details of the interaction between the acid molecules and the peptide and protein molecule ions have not yet been elucidated, we believe that attachment of these acids may occur at the strongly basic sites.
The source of sulfate and/or phosphate in the peptide and protein samples has not been determined. It is likely that the reagents or solvents used during purification and isolation have contributed small amounts of sulfate and/or phosphate salts. It is noteworthy that O.25N sulfuric acid is commonly used in the initial extraction of ribonuclease A from bovine pancreas [18] . We have also learned from the Sigma Chemical Company that ammonium sulfate and phosphate buffers were used during isolation of the ribonuclease A and ribonuclease S. Ammonium sulfate is often used during the purification of proteins.
Conclusion
The origin, identity, and removal of unwanted adducts (MM = 98 u) attached to peptide and protein ions observed in the electrospray ionization mass spectra were investigated. We demonstrated that these adducts can be removed from protein ions by collisional activation, suggesting that the adducts are noncovalently bound to the protonated protein molecule ions. Addition of ammonium sulfate to the peptide and protein solutions containing acetic acid increased the adduct ion intensities. Addition of disodium hydrogen phosphate also increased the adduct ion intensities, but to a lesser extent. We suggest that sulfate and/or phosphate impurities present in the peptide and protein samples produce small amounts of sulfuric acid and/or phosphoric acid that bind strongly to the accessible basic sites of the peptide and protein ions. When the sulfate and phosphate ions were removed by precipitation with barium ion, prior to electrospray ionization, adduct free protein ions were observed in the electrospray ionization mass spectra with a concomitant increase in the sensitivity.
